There is evidence for the existence of developmental changes in expression of troponin I (TNI) in cardiac thin filaments; however, regulation of TNI expression has not been described. We tested whether thyroid state affects expression of TNI using neonatal and adult rats made hypothyroid by treatment with 6-n-propyl-2-thiouracil. Polyacrylamide gels of myofibrils from hearts of 7-, 14-, 21-, and 28-day-old animals indicated that both euthyroid and hypothyroid rats display a developmental shift toward the adult form of TNI. However, hypothyroid rats displayed a lower percentage of adult TNI at each age studied. When adult rats were made hypothyroid, the proportion of adult TNI decreased slightly. Thin-filament activity was determined from measurements of the effect of acidic pH on calcium activation of myofibrillar ATPase activity. Sensitivity to acidic pH was measured by the magnitude of shift in pCa5% (-log of half-maximally activating molar Ca24) between pH 7.0 and 6.5. Euthyroid rats displayed developmental increases in pH sensitivity. At 7, 14, and 28 days of development, shifts in pCa-% were 0.11, 0.38, and 0.43 units, respectively. Hypothyroid rats displayed less pH sensitivity with pCa50 shifts of 0.07, 0.21, and 0.15 units at 7, 14, and 28 days of development. Adult hypothyroid rats displayed a 0.38-unit shift in pCas0, whereas euthyroid adults displayed a 0.44-unit shift.
There is evidence for the existence of developmental changes in expression of troponin I (TNI) in cardiac thin filaments; however, regulation of TNI expression has not been described. We tested whether thyroid state affects expression of TNI using neonatal and adult rats made hypothyroid by treatment with 6-n-propyl-2-thiouracil. Polyacrylamide gels of myofibrils from hearts of 7-, 14-, 21-, and 28-day-old animals indicated that both euthyroid and hypothyroid rats display a developmental shift toward the adult form of TNI. However, hypothyroid rats displayed a lower percentage of adult TNI at each age studied. When adult rats were made hypothyroid, the proportion of adult TNI decreased slightly. Thin-filament activity was determined from measurements of the effect of acidic pH on calcium activation of myofibrillar ATPase activity. Sensitivity to acidic pH was measured by the magnitude of shift in pCa5% (-log of half-maximally activating molar Ca24) between pH 7.0 and 6.5. Euthyroid rats displayed developmental increases in pH sensitivity. At T hyroid state is an important determinant of cardiac function.1 Chronic increases in thyroid hormone levels lead to cardiac hypertrophy, with increases in cardiac output, heart rate,2 and electrical excitability.3 Although these changes are undoubtedly related to changes in the peripheral vascular system and metabolic demand, there are also effects of thyroid state on the intrinsic activity of cardiac myocytes. These changes in activity are associated with a remodeling process expressed as shifts in protein isoform populations. A shift in the population of myosin heavy-chain isoforms with changes in thyroid state is the best characterized remodeling process.1 Cardiac ventricular myosin heavy chain is expressed as three isoforms -V1, V2, and V3-consisting of homodimers and heterodimers of a and ,B forms of heavy chain, which are themselves products of a multigene myosin family. The population of isoforms in the euthyroid state varies among different species,4 but in general, hyperthyroidism activates the a myosin heavy-chain gene and represses the 3 myosin heavy-chain gene, resulting in a shift of myosin heavy-chain population to one in which V1 predominates. V3 is predominant in the hypothyroid state. There are also varying increases in myosin heavychain isoform population during cardiac development, and these changes have been shown to correlate with developmental changes in thyroid hormone levels. 5 An important question is whether the isotype population of other myofibrillar proteins is regulated by thyroid state. We have been particularly interested in the thin-filament protein troponin I (TNI), the inhibitory component of the troponin complex that is expressed as a tissue-specific variant. Previous studies indicated that TNI exists as an isotype population that is developmentally regulated.6-9 Perinatal rat hearts demonstrate developmental changes in TNI expression,8 9 and these changes have been shown to be associated with a relative decrease in the inhibition of submaximal Ca2'-activated myofibrillar activity by acidic pH. 7 The alteration in sensitivity of myofibrillar Ca2' activation to acidic pH appears to provide a functional correlate of expression of the adult form of TNI.
In the present study, we examined the effects of thyroid status on properties of the cardiac thinfilament proteins in the developing and adult rat heart. Our results provide evidence that the developmental expression of TNI and correlated effects of acidic pH on myofibrillar Ca2' activation are altered by changes in thyroid state.
Methods

Experimental Animals
Sprague-Dawley rats were killed by either pentobarbital overdose or cervical dislocation. Euthyroid adults and pups received no treatment. To produce hypothyroid rat pups, we gave pregnant rats drinking water containing 0.06% 6-n-propyl-2-thiouracil (PTU) from 21 days gestation to 28 days postpartum. Litters were evened to 10 pups per dam, and an equal number of pups per dam were maintained throughout the experiment. We made adult (80-day-old) rats hypothyroid by giving them drinking water containing 0.06% PTU for 6 weeks. Adults were killed after 6 weeks of treatment, and pups were killed at 7, 14, 21, and 28 days postpartum. In some studies, hypothyroidism was reversed by treatment of hypothyroid pups with 150 ,ug/kg 3,3',5-triiodothyronine (T3) every 48 hours from 21 to 28 days postpartum.
We used several methods to determine the effectiveness of PTU treatment to produce hypothyroid rats. For adult (120-day-old) rats, heart rates were obtained by electrocardiographic measurements of conscious rats. After 6 weeks of no treatment or treatment with PTU, heart rate for control rats was 450± 30 beats/min, whereas the heart rate for hypothyroid rats was significantly reduced to 332±51 beats/ min. For all rats, body and heart weights were measured and heart/body weight ratios calculated (Table  1) . At the time of death, blood serum was collected for assay of the thyroid hormone thyroxine (T4). Thyroid hormone levels increased with development of euthyroid rats but were not detectable in hypothyroid rats.
Preparations
Myofibrils were prepared essentially as described by Pagani and Solaro.10 Hearts were removed and immediately placed in ice-cold normal saline. Atria and blood vessels were trimmed away, and the hearts were minced and homogenized in 10 vol of standard buffer (2 mM MgCl2, 60 mM KCl, and 30 mM imidazole, pH 7.0) in a Teflon-glass Thomas tissue grinder. The rest of the isolation procedure followed that described by Pagani and Solaro10 except that the proteolytic enzyme inhibitors (5 gg/ml leupeptin, 5 ,ug/ml pepstatin, and 2 mM phenylmethylsulfonyl fluoride) were added to all solutions. Protein concentration was determined by the method of Lowry et al. 1' Antibodies to the adult form of TNI were raised by injecting rabbits with the protein excised from polyacrylamide gels. The band used for antibody genera- 
Thin-Filament Properties ofAdult Myofibrils
We first present results of experiments with adult rats in which we measured the effect of hypothyroidism on the expression of adult TNI and on the pH sensitivity of myofibrillar Ca'+ activation. As illustrated in Figure 1 (top panel), the activation of ATPase activity by Ca2' at pH 7.0 or 6.5 was similar for myofibrils from hypothyroid and euthyroid adult rat hearts. As expected from the relative increase in the fraction of V3 in the myosin isoform population, 16 hypothyroid myofibrils had a reduced maximum ATPase activity. To more clearly show the effect of acidic pH on Ca2+ activation, data from Figure 1 activation of the neonatal myofibrils could be measured in euthyroid hearts between 7 and 28 days. We therefore studied this age range in matched groups of hypothyroid and euthyroid rat pups. Figure 2 (top panel) shows results of measurements of ATPase activity-pCa relations at pH 7.0 and 6.5 for myofibrils prepared from 7-day-old euthyroid and hypothyroid hearts. Maximum ATPase activities for the euthyroid neonatal myofibrils are lower than those of the adult preparations, as expected from the preponderance of V3 isomyosin at this age.5 Hypothyroidism was associated with a further reduction in the maximum myofibrillar ATPase activity in the 7-day-old rats. An important feature of the data in Figure 2 (top panel) is that regardless of thyroid state, a reduction in pH had a smaller effect on pCa50 for neonatal myofibrillar activation in comparison with the adult (Figure 1 ). This is illustrated more clearly in Figure 2 , in which we replotted the ATPase activity for hypothyroid ( Figure 2 , middle panel) and euthyroid ( Figure  2 , bottom panel) myofibrils as percent of maximum activity at each pH. Although the reduction in pH caused a greater rightward shift in pCa50 for 7-day-old controls (0.11 units) in comparison with hypothyroid preparations (0.07 units), this difference was not statistically significant. Figure 3 (top panel) shows results of ATPase measurements on 14-day-old euthyroid and hypothyroid rat myofibrils. Maximum myofibrillar ATPase activity of 14-day-old controls at pH 7.0 was significantly greater than maximum ATPase activity of the hypothyroid myofibrils. At 14 days of neonatal development, hypothyroidism was associated with a significant decrease in the sensitivity of Ca2+ activation to acidic pH. This is illustrated in Figure 3 (middle and bottom panels), which shows normalized ATPasepCa curves for 14-day-old myofibrils. With a reduction in pH from 7.0 to 6.5, the shift in pCa50 was 0.38 units for euthyroid 14- (Figure 4, top panel) . Maximum ATPase activity of controls was significantly greater than maximum activity of hypothyroid myofibrils. Normalized ATPase activity-pCa curves for 28-day-old myofibrils are shown in Figure 4 (middle and bottom panels). Euthyroid myofibrils showed a 0.43 -unit shift in pCa50 with acidic pH, and hypothyroid myofibrils showed a 0.15-unit shift in pCa50. This difference in pH sensitivity was highly significant (p<0.025). (7-28-day-old) pups were compared with those of all euthyroid pups using ANOVA, the differences in pCa50 shifts were statistically significant (p<0.05). Figure 6 shows analysis of neonatal control and hypothyroid heart myofibrils of 7-28-day-old rats by SDS Figure 7 . When ( Figure 5 ). An exception to this trend was a lack of significant difference in the relative amount of adult cardiac TNI expressed in euthyroid and hypothyroid rat pups at day 14, despite a significant difference in effect of acidic pH ( Figure 5 ).
To test if the effects of PTU on expression of TNI isoforms could be reversed by treatment with thyroid hormones, a group of hypothyroid rats was treated with T3 from 21 to 28 days of age. Figure 8 shows the percent of adult TNI in these preparations obtained from scans of two SDS-PAGE gels. It can be seen that the hypothyroid pups treated with T3 have a greater percentage of adult TNI than the hypothyroid pups, which did not receive T3. The difference between the PTU-treated (hypothyroid) rats and the PTU+T3-treated rats was statistically significant (p<0.05); the difference between euthyroid rats and the PTU+T3-treated rats was not. Discussion Although previous reports have shown developmental expression of thin-filament isoforms in heart muscle,17-20 regulation of the expression of these isoforms has not been previously described. The experiments reported here indicate that thyroid hormone is important in expression of the adult form of TNI in the neonatal period. In hypothyroid rats, there was no significant increase in the percent adult TNI between 7 and 28 days of age, whereas in controls during this time, there was a significant linear increase in the proportion of the adult isoform of TNI. Adult rats treated with PTU displayed only slight changes in expression of TNI isoforms and pH sensitivity. It is not likely that this was due to inadequate treatment, because these rats displayed lower heart rate, lower heart/body weight ratios, and decreased serum thyroid hormone levels. One possible cause for this result could be that multiple factors influence TNI expression. This is known to be the case with thyroid hormone action on myosin isoform expression, because multiple factors such as load (hypertension) and diet influence expression of myosin isoforms. Also, the action of thyroid hormones on TNI expression occurs through indirect factors. Changes in thyroid status cause numerous physiological changes.1 Some of these changes are particularly prominent in the developing hypothyroid rat, which, because of decreases in growth hormone and other factors, showed a slower body growth than the euthyroid controls (Table 1) .
In There is indirect evidence that differences in pH and Ca sensitivity between adult and neonatal heart myofilaments are largely, if not entirely, due to shifts in the isoform population of TNI. First, our past studies showed that neither adult nor neonatal heart preparations demonstrate the presence of thickfilament-related Ca2' activation.6,22 Moreover, experiments with reconstituted preparations2123 showed that the effect of acidic pH on cardiac myofilaments is a thin-filament-related phenomenon. These experiments were done with preparations containing the same thick filaments derived from skeletal muscle but with either adult or neonatal thin filaments. Both preparations showed the same differential sensitivity to acidic pH as the native myofibrils. Thus, although thick-filament proteins change with development,5,21 shifts in isoforms of thick-filament proteins do not appear important with regard to Ca2' activation per se or to the effect of acidic pH on cardiac myofibrillar Ca2' activation. Evidence suggests that the change in thin filaments that is responsible for the differential sensitivity to acidic pH is a shift in TNI isoform population and not other troponin components. First, although there are direct effects of acidic pH on Ca 2 binding to TNC, there is no evidence for the existence of TNC isoforms in developing heart. Second, although there are shifts in TNT isoform population with development in the rat heart,17 the isoform population of TNT is unaffected by thyroid state. '8 Moreover, the inhibition of acidic pH on Ca2' binding to regulatory sites on cardiac21 and skeletal23 TNC was increased about 10-fold, whether in the TNI-TNC complex or in the TNI-TNC-TNT complex. The mechanism for this increase in effect of acidic pH appears to be a reduction in the affinity of TNI for TNC. This is important in that addition of TNI to TNC alters the affinity of TNC by 10-fold. The importance of the role of isoform population of TNI is also indicated by the results presented here.
What is the functional significance of the shift in TNI isoform population in the intact heart? Prenatal mammalian hearts function under different intracellular and extracellular environmental and loading conditions than the adult heart, and it is not surprising that fetal forms of regulatory proteins might confer differences in myofilament Ca2' regulation. Indeed, compared with the adult heart, neonatal rat hearts show differences in sensitivity of force development to changes in extracellular Ca2+ and pH.7
That this might be due in part to shifts in TNI isoform population and changes in myofilament response to Ca2' was shown in studies by Solaro et a17 of intact muscle preparations microinjected with the bioluminescent protein aequorin for determination of intracellular Ca2' transients. Neonatal rat heart preparations responded to hypercapnic acidosis with a smaller initial drop in force than was the case with the adult hearts. The acidosis had either little effect or actually increased the peak of the Ca2' transient, and thus, the difference is likely to be due to a difference in myofilament Ca2' sensitivity. This was confirmed in vitro by treating the same preparations with detergent to produce skinned-fiber preparations. At pH 7.0, the pCa-force relation of skinned fibers from 1-day neonates was shifted to the left of the relation for adults, and a drop to pH 6.5 caused a bigger rightward shift in the adult skinned fibers than in the neonatal fibers.
In summary, the results of this study indicate that throughout development, thyroid status affects both the expression of adult rat heart TNI and the pH sensitivity of myofibrillar Ca2' activation. In the normal euthyroid rat, expression of the adult form of TNI and myofibrillar sensitivity to acidic pH increases dramatically during early postnatal development. Chronic hypothyroidism, however, delays expression of these adult characteristics.
